Introduction
There is consensus in the scientific community that the earth's climate is rapidly changing. Globally, we have operations, in the absence of effective adaptations, can have impacts on the health of Canadians that are multifaceted and complex. Examples of health impacts include death or serious injury from floods or heavy rains (Acharya et al., 2007; Du et al., 2010) , increased potential for illness caused by food-borne, water-borne or vector-borne pathogens (eg., Salmonella, Campylobacter, E. coli 0157:H7, Cryptosporidium, enteric viruses, West Nile virus) and stress disorders from loss of loved ones, property and livelihoods (Acharya et al., 2007; Berry et al., 2014; Du et al., 2010; Ebi & Paulson, 2010; World Health Organization [WHO], 2013) . In order to be protective in the face of these pressures, water utility officials need to prepare for the impacts of climate change by increasing their understanding of current and future risks and taking needed adaptation measures (Environmental Protection Agency [EPA], 2012a; IPCC, 2008; Water UK, 2008; UN-Water, 2010) .
Canadian health and environment authorities define small drinking water systems as those in communities with small populations as well as those in public facilities like restaurants, trailer parks, summer camps, gas stations, motels and churches (Ministry of Health and Long-Term Care [MOHLTC] , 2013). Small utilities, including those in Canada, face greater challenges and are more vulnerable and less able to respond to the impacts of climate change relative to larger water systems (Moffatt & Struck, 2011; National Research Council Canada [NRC] , 1997). Moffatt and Struck (2011) reported that the majority of water-borne disease outbreaks in Canada occur in small drinking water systems.
Smaller communities with fewer water facility operators have less resources per capita to support, operate and maintain water utility systems to meet federal drinking water standards (e.g., water quality monitoring) (NRC, 1997) . Relative to large utilities, small systems may face challenges retaining highly knowledgeable and trained professionals to operate the systems and develop and implement detailed planning necessary for long-term improvements to water services (NRC, 1997) . They are often challenged when investing in new technologies or infrastructural improvements which may make it harder to comply with drinking water guidelines and standards. Furthermore, the cost of providing safe drinking water increases in remote areas (Health Canada [HC], 2005) .
Few Canadian studies have evaluated expert perception of water utility preparedness. Internationally, the Economist Intelligence Unit (2012) analyzed the future preparedness of water utilities in ten countries, including Canada, the United States, United Kingdom, Australia, France, Spain, Brazil, Russia, India and China. The three main barriers to ensuring safe and clean water supply by 2030 were reported to be wasteful consumer behaviour (45%), insufficient capital resources for investment (35%) and dwindling water resources due to climate change (34%). In developed countries such as Canada, the overall priority of the water sector was reported to be shifting towards increasing the resiliency of water utilities Within Canada, the CWWA conducted a survey in 2012 of water utility officials to gauge their perception of the level of preparedness of Canadian water utilities for the impacts of climate change. This paper presents the results of the survey, discusses implications regarding the vulnerability of utilities to climate change impacts and identifies adaptation opportunities which could be used to increase preparedness.
Methods
A total of 100 water utilities were invited to participate in the 2012 survey. Utilities were selected based on geographic location and population sized served to ensure good representation of all the types of facilities encountered across the country. A utility was considered small if it served less than 10,000 people, medium if it served between 10,000 and 150,000 people, and large if it served a population greater than 150,000. Participants were officials representing drinking water and wastewater facilities in Canada, and included both non-members and members of the CWWA, the national body representing the common interests of Canadian drinking water and wastewater utilities systems. Officials from each utility were contacted to obtain the name and contact information of the staff member that would have the most knowledge of, or responsibility for, climate-related operations and infrastructure at the facility. Officials with particular functions that could be affected by climate change, such as finance, were not targeted for participation in this survey as these functions were considered to be less directly impacted than those associated with managing physical processes for providing clean drinking water and sanitation services.
A total of 100 utilities were invited to participate, and 53 submitted responses ( Table 2 ). The number of utilities surveyed provided geographical coverage of Canada's climatic regions and water utilities of different sizes (Figure 1 ). Although only a small sample of Canadian utilities were contacted due to practical and budgetary constraints, the water utilities surveyed represent a snapshot of preparedness in their jurisdictions.
The survey instrument consisted of a total of 41 closed-ended questions (Appendix A) organized by 1) queries about utility officials' awareness of climate change impacts on their systems (drinking water, wastewater and associated infrastructure) and 2) queries about the utility's preparedness for current and future impacts of climate variability.
Results

Climate Change Awareness
A key requirement for early and effective adaptation to climate change risks to utilities is awareness of existing and future impacts that may affect operations. Responses to questions in the survey pertaining to climate change awareness of utility officials are presented below.
Awareness of general climate change impacts
When respondents were asked whether their 'water and wastewater system has been impacted by climate change', the utilities (n=53) were fairly evenly split between indicating that they had either been impacted (30%), had not been impacted (34%) or were unsure (36%). A greater portion of officials from larger utilities indicated that they had been impacted relative to those in smaller and medium sized facilities (Figure 2 ).
Respondents were asked 'if [their] utility had been affected by any of the following' and were provided a list of climate hazards to select from. The most popular responses were (in order of most commonly selected to least commonly selected): (1) changes in precipitation patterns, (2) increased frequency of extreme weather events, (3) increase in the severity of extreme weather events, (4) shorter and warmer winter seasons, (5) increased treatment requirements for wastewater and (6) warmer and potentially drier summer seasons (Figure 3 ).
Perception of climate change impacts on drinking water systems
Respondents were asked if they had any 'information that suggests that [any of the following drinking water services] will be impacted by climate change'. The majority of respondents indicated that they did not have information to suggest climate change will impact: water supply (63 %), drinking water treatment (71 %), source water quality (79 %) and drinking water storage (61%) ( Table 3) .
Respondents (n=48) were asked if their utilities have 'experienced structural damage to their distribution system from the impacts of climate change'. While most water utility representatives (71%) answered no, 23% indicated they had experienced structural distribution system damage. Of those who answered yes, most indicated that structural damage to the distribution system was due to the increase in thawing/freezing cycles (n=6) and of these, most (n=4) were utilities in northern regions of central provinces (Ontario, Manitoba) or Northern communities (Northwest Territories and Nunavut) while the other (n=2) utilities located in southern British Colombia and Saskatchewan.
When asked if they had information to suggest any challenges regarding drinking water physical infrastructure due to climate change (intake, treatment, storage or distribution) (n=50), the majority of respondents (78%) said no. Only 8 utilities expressed having information indicating that they were impacted (16%), and 6% of the utilities were unsure. The two most commonly reported challenges associated with drinking water physical infrastructure were: (1) the treatment system upgrades required to meet regulatory compliance and (2) the drinking water storage facility upgrades required to increase capacity, improve storage facility condition or both (Table 4) .
Perception of climate change impacts on wastewater systems
Utility officials were asked if they had experienced 'any wastewater treatment challenges' from the impacts of climate change. Half of the respondents (n=52) answered yes ( Figure 4 ).
When respondents were asked if they had 'any information that suggests future wastewater treatment challenges from climate change', most answered no (60%). Those who answered yes (35%) indicated that future challenges would likely be attributed to: (1) increased likelihood of combined sewer overflow events, (2) an increased risk of flooding and (3) an increased concentration of pollutants (Table 5) .
When respondents (n=51) were asked if their utility had 'experienced increased overflows' from the impacts of climate change, most (67%) said no. Of those who said yes (20%), the most common causes were combined sewer system overflows (42%), stormwater overflows (21%) and residential back-ups and flooding (21%). A small portion of respondents (14%) acknowledged being unaware if they had experienced an increase in overflows due to climate change.
Water utility officials were asked if they had 'information that suggests any challenges regarding wastewater physical infrastructure due to climate change (collection, treatment, storage, discharge)'. Among respondents (n=51), the majority answered no (67%). Those indicating that climate change would present challenges attributed the causes to: (1) the need to resize pipes to accommodate increases in storm events, (2) ageing infrastructure and (3) the need to move infrastructure due to coastal sea level rise (Table 6 ).
Climate Change Preparedness
Efforts to increase preparedness to climate change impacts require accurate information about current and future impacts and about opportunities and barriers to adaptation. The majority (65%) of water utility officials surveyed revealed not having 'initiated a climate-related risk or vulnerability assessment of their utility' when asked (Table 7 ). Most respondents (n=50) also reported not having 'a plan to address the future climate change impacts' when asked (Table 8) . Only 5 utilities (10%) reported having fully developed plans in place while 15 (30%) reported plans under development.
Of 50 respondents, most responding officials (70%) answered yes when asked if they had addressed potential climate change impacts within emergency preparedness plan' although the respondents who did answer no (30%) were mostly small and medium sized utilities ( Figure 5 ).
Respondents were asked if they had 'incorporated potential impacts of a changing climate into their utility decisions or municipal planning'. Out of the total of respondents (n=50), 54% reported that they had, 44% reported that they had not and a small percentage were unsure (2%). Those utilities having done so were asked whether they were 'using climate change projection models or [if they relied] on historical data [for their] long term planning' (n=40). Most utilities reported that they rely on historical data (50%), while fewer reported using climate change models (18%). Approximately one third (33%) rely on both types of information for their planning (Table 9) .
Lastly, when representatives of water utilities were asked 'what are the tools [needed] to prepare for climate change impacts', scenarios of future projections and Table 4 . Reported physical drinking water infrastructure challenges due to the impacts of climate change (n=25), where n=responses of water utility officials who were asked to select which challenges have been experienced.
Drinking Water Infrastructure Challenges Responses (#)
Treatment system upgrade requirements to meet regulatory compliance 6
Drinking water storage facility upgrade requirements due to capacity and/or facility condition 5
Modifications required for source water intake 4
Drinking water distribution system upgrades requirements due to ageing and/or facility condition 4
Increases in reservoir capacity 3
Shifting physical infrastructure from coastal erosion 1
Need to drill new well or increase existing well capacity 1
Increased maintenance or replacement needs (from coastal erosion) 1 Figure 4 . Water utilities reported to be experiencing wastewater treatment challenges (n=52), where n = number of respondents. risk assessment data were listed as the greatest needs. However, there was strong support for all the tools listed in the survey (Table 10) .
Discussion
The survey responses from officials representing 53 water utilities across Canada provides a sense of climate change awareness and preparedness; and insight into information and adaptation tools that would help in efforts to improve resilience of such systems. Overall, the results suggest that water utility officials in Canada may have limited awareness of current impacts of climate variability. Notwithstanding the consensus among the international scientific community that climate change is a reality, many water utility officials do not perceive that their utilities will be impacted in the future by climate change. An encouraging finding was that although few have conducted climate change vulnerability assessments (a fundamental requirement for successful adaptation) more than half of utility officials indicated that climate change impacts are being incorporated into water utility and emergency planning ( Figure 5 ).
The apparent dissonance between awareness of climate change impacts and existing efforts to "mainstream" or integrate climate change considerations into planning could suggest that strong perceptions of Table 5 . Number of respondents (n=33) who indicated future challenges to their water utilities from climate change
Future challenges Responses (#)
Increased likelihood of combined sewer overflow (CSO) 11
Increased risk of flooding 7
Increased concentration of pollutants 5
Limited capacity of the lagoons (due to increased storm events) 4
Decreased volume of the receiving body 4
Decreased volume of the influent 1
Increased temperature of the receiving body 1 Table 6 . Wastewater utility physical infrastructure challenges due to climate change reported by respondents (n=23). The respondents were able to select more than one challenge.
Wastewater Infrastructure Challenges Responses (#)
Need to increase pipes to accommodate increases in storm events 7
Ageing infrastructure 5
Need to move physical infrastructure due to coastal sea level rise 3
Need to increase maintenance and invest in replacements 2
Need to increase lagoon capacity 2
Need to increase reservoir capacity 2
Need to move physical infrastructure due to coastal soil erosion 1
Maintenance requirements from permafrost thaw on buried water main 1 current or expected future impacts may not be a critical driver for adaptation action by water utilities. On the other hand, it is also possible that the reported efforts to incorporate climate change into emergency planning are not as robust and protective as they could be. The survey did not include specific questions about the nature of such measures; this is a key research gap for understanding current levels of preparedness and this should be addressed in future surveys. The survey results have important implications for the health of Canadians. Inadequate efforts by utilities to take needed adaptations to prepare utilities for the expected impacts of climate change could increase risks from drinking and wastewater in the future. Due to the small sample of utilities participating across Canada, this study does not allow for the generalization of the results to all Canadian utilities. However, the results do provide a compelling snapshot of utility officials' perceptions and their concerns about current levels of preparedness. A qualitative component to the survey would have been useful to allow respondents to expand on the answers provided to give a more in-depth picture of levels of awareness, preparedness and status of planning for climate change impacts. In addition, the survey did not include questions inquiring about participants' views on whether climate change is happening. Beliefs about this may have affected responses to questions about risks and impacts. Specifically, limited knowledge of climate change 
Vulnerability of Small Water Utilities
The results of the survey indicated that there are fundamental differences between officials from small and large water systems with respect to awareness of and preparedness for the impacts of climate change. Specifically, a greater proportion of small and medium sized utility respondents acknowledged: (1) not being impacted or not knowing if their facilities had been impacted by climate change, (2) not having addressed climate change impacts in emergency planning, (3) not having had initiated climate-related vulnerability assessments and (4) not having plans to address climate change impacts. When asked to specify the reasons for drinking water storage and distribution challenges due to climate change, a greater number of officials from small utilities attributed this to the age or condition of the distribution system and storage facilities (e.g., reservoirs, stand pipes). Currently, more than 1 million Canadians are served by water utilities in municipalities having a population size of less than 5000 people (Environment Canada [EC] , 2011). Further, small water systems serving less than 300 people and the number of people relying on private water systems together constitute approximately 5 million Canadians (Statistics Canada, 2009 ). Climate effects may compound the current financial and managerial challenges faced by smaller water systems resulting in a greater risk of water system failures and greater challenges to source water protection and drinking water treatment (Moffatt & Struck, 2011) . Given the higher vulnerability of smaller water systems to climate change impacts and the large number of Canadians being served by them, there is a pressing need for small facilities to adopt adaptive strategies to reduce risks. Efforts are needed to address this adaptation gap to afford the greatest possible protection to Canadians as the climate continues to change.
Water Utility Adaptation Needs in Canada
Vulnerability assessments are a fundamental requirement for efforts to adapt to the impacts of climate change, including health impacts (Mabey et al., 2011; WHO, 2013) . Once potential impacts are properly assessed, water utilities can better focus their efforts on priority areas of vulnerability and develop effective response measures (Natural Resources Defense Council [NRDC], 2011). Robust assessments are those which (NRDC, 2011): -Evaluate all water-related risks, including future water availability, precipitation, drought, runoff patterns, sea level rise, and flooding risks -Pursue assessments of impacts using local data and downscaled or decision-scaled modeling -Consider both moderate and worst-case scenarios -Determine critical infrastructure at risk due to flooding or sea level rise
Given the wide variability in climate conditions, source waters and ecosystems across the country within which Canadian utilities operate, assessments of climate change impacts are critical to ensure the future resilience of these systems. However, only approximately one third of officials surveyed reported having conducted some form of assessment of climate change impacts. This indicates that many utilities may not have the information needed to make informed decisions about how to mitigate increasing impacts of weather variability and general warming. Indeed, one half of the surveyed officials reported relying only on historical data for long-term planning, while less than 20% use information from climate change projections. One third acknowledged using both historical and climate projection data to inform planning (Table 9) . It should be recognized that climate change vulnerability assessments inevitably have uncertainty associated with the results and water utility officials will need to rely on their expertise and past experience dealing with uncertainties to effectively interpret the results and identify needed adaptation measures. Nonetheless, assessments can provide valuable information for the adaptation process given projections of future climate extremes and the need to understand the risks to properly adapt.
The use of models informed by future climate projections and risk scenarios is important for water utility planning because this information can be compared with that used in current decision-making to investigate and manage the inherent uncertainty of climate change (EPA, 2010b) . Most survey participants identified risk assessment data and forecast scenarios of future projections as their greatest need to inform adaptation (Table 10) . Many utility managers can benefit from climate information and climate change forecasting tools that already exist in Canada to support their efforts. National and regional climate data pertaining to temperature, precipitation, air pressure and wind speed as well as computerized climate change models capable of attributing observed changes to specific causes and predicting seasonal and longer term climate variations are available (EC, 2013; HC, 2013) . The opportunity exists to raise awareness of existing tools and data through established water stakeholder networks such as the CWWA.
The availability of data and modelling tools does not guarantee that adaptation strategies will be implemented by water utilities (Bolson et al., 2013; Clar et al., 2013 ). Reviews of awareness, perception, and use of climate information among water managers and policy makers has highlighted barriers in using data of this kind to guide risk management decisions. Barriers can include a misinterpretation or lack of understanding of forecasts, a mismatch between the quality of available data and the needs of decision-makers, limited trust in model performance, risk-averseness or inflexibility in decision-making among management and organizational constraints. Increased communication, education and training about climate forecasts and information would benefit adaptation efforts of utilities by supporting the development of cost-effective strategies (Bolson et al., 2013; Lemos, 2008; Rayner et al., 2005) .
Most respondents of the CWWA survey of water utility officials reported not having climate change plans or strategies (Table 8 ) but many report using climate change information in existing emergency plans ( Figure  5 ). Efforts are needed to promote climate change planning by utilities, and the rigor and effectiveness of reported actions to use climate information in existing emergency plans should be investigated. The summary findings of the leading international body for climate change assessment -comprised of thousands of scientists from all corners of the globe -are that warming of the climate system is unequivocal, that atmospheric concentrations of carbon dioxide, methane, and nitrous oxide have increased to unprecedented levels and that human influence on the climate system is clear (IPCC, 2013) . Outcomes of global warming conditions as projected by world climate change models include longer summers, milder winters, increased drought, and more intense precipitation (Charron et al., 2004) . Relatedly, studies of precipitation and waterborne illness in North America have found significant associations between extreme precipitation events and rates of gastrointestinal illness (Curriero et al., 2001; Harper et al., 2011) . This means that Canada, like other countries will continue to expect increased weather events and hazards from climate change that will create greater challenges to utilities in the form of increased demand, storage, regulation and treatment of water due to greater fluctuations in water quality and supply (AMWA, 2009; HC, 2012a; IPCC, 2007) . Water utilities will need to better prepare and adapt to climate change since sufficient planning and management of individual water systems as a whole is an effective way to reduce health risks (HC, 2012b) .
Publically available resources including vulnerability assessment tools, literature reviews, action plans, and guideline documents are available in Canada and internationally (EC, 2013; HC, 2013) . Although small and medium sized utilities may face challenges using climate models for risk management purposes due to cost and/or technical limitations, many resources do not require large amounts of funding or technical expertise. For example, the US EPA has developed several freely available tools to assist water utility officials to adapt to the impacts of climate change. The "Climate Ready Water Utilities Toolbox" provides an extensive database of adaptationrelated materials including models, programs, strategies, publications and information on available grants (EPA, 2011) . The "Climate Resilience Evaluation and Awareness Tool (Version 2.0)" is a software tool that provides water utility officials with access to locally-scaled climate model scenarios, projections and risk assessments to help identify potential adaptation options (EPA, 2012b) . A third resource by the US EPA is the "Adaptive Response Framework for Drinking Water and Wastewater Utilities". This framework describes the steps water utilities can take to become 'climate ready' including increasing ones understanding of threats that changes in climate can pose, planning to address these impacts and taking adaptive actions to decrease vulnerability (EPA, 2012a) .
Initiatives are also underway in Canada to raise awareness of climate change impacts on utilities, address knowledge gaps, and increase accessibility to adaptation resources. The CWWA has a Climate Change Committee to educate Canadian municipal water officials about climate change issues and encourage them to take proactive measures to manage growing risks (CWWA, 2012) . In 2014, the CWWA published the "Climate Change Resources for Water Sector Professionals" report and associated complete "Climate Change Resource Listing", which provides over 130 sources to help water professional access important information on vulnerability assessments and adaptation planning (CWWA, 2014) . Included in the freely available resource are links to climate change data and regional projection tools, data sources on climate change impacts to the water sector in Canada and internationally, vulnerability assessment tools and frameworks, Canadian and international water sector climate change case studies and policy guidance documents. The committee plans to release subsequent volumes of the resource as a next phase. In addition, Engineers Canada has partnered with Natural Resources Canada to conduct a national vulnerability assessment of existing and planned infrastructure to the impacts of climate change (Public Infrastructure Engineering Vulnerability Canada [IEVC], 2008) . A risk assessment tool, "PIEVC Engineers Protocol", was developed and successfully piloted using 24 infrastructure case studies across Canada, including stormwater, wastewater, water supply and management systems. As well, a number of cities including Regina, Metro Vancouver and Annapolis, Nova Scotia have been taking actions to increase their resiliency to climate change impacts through water-related municipal adaptations (NRCan, 2007; NRCan, 2010) , and such efforts can be learned from. Canada can also look to other jurisdictions for guidance on how to prepare for climate change.
Conclusions
Changes in temperature, precipitation events, and water quantity (streamflow) in many regions of Canada that are consistent with climate change projections and that pose increasing risks to the operation of water utilities are already being observed (Bush et al. 2014 ) Proactive adaptation efforts are required by utilities if they are to remain robust critical infrastructure that protects the health and safety of individuals and communities. Such measures will need to be based upon results from assessments of climate change risks to utilities and the application of cost-benefit analysis to inform the choices of adaptation options. This survey of Canadian water utility officials provides a snapshot of current perceptions of climate change impacts and of current levels of preparedness for impacts being felt now and those expected in the future.The survey results raise concerns about vulnerabilities particularly for small utilities.
Rigorous integration of weather and climate information into the operation and planning at utilities is a critical component of resilience to weather related disasters and future climate change. The survey results suggest that a large majority of utilities have integrated climate change considerations into their emergency planning. However, at least half of utilities still rely on historical data for general operational planning, only one in three have initiated climate change vulnerability assessments and even fewer (10%) have developed full plans to address climate change impacts. By capitalizing on existing tools and resources, utilities in Canada can better prepare themselves for the risks posed by a changing.
We propose the following research needs to further the efforts of utilities in Canada to prepare for the impacts of climate change and enhance public health and safety: -Identification of the likely range of impacts from climate change on individual Canadian water utilities to provide insight into the extent of specific adaptations required for their respective facilities -Adoption/adaptation of international water utility climate change vulnerability assessment best practices in the Canadian context. For example, the US EPA has identified critical components of water utility climate change vulnerability assessments by analysing assessments undertaken by leading water utilities within the US (EPA, 2010) . Efforts are needed to adopt these practices and tailor them to Canadian water systems. This could include an investigation of Canadian water utility climate change vulnerability assessments to date. -Examination of the costs of adaptation actions to identify how vulnerabilities to climate change impacts faced by smaller utilities in Canada can be effectively mitigated. In their "Climate Ready Adaptation Strategies Guide", the US EPA provides a glossary of infrastructure specific water utility climate change adaptation strategies each ranked in terms of cost to the utility (EPA, 2012c). A similar guide for Canadian utilities would help support climate change adaptation efforts, particularly for financially constrained utilities. -Investigation of mainstreaming activities by utilities in Canada to determine whether they are robust and effective in reducing growing risks. -Efficient models of knowledge transfer for water professionals in Canada to raise awareness of the risks and help integrate climate change information into utility planning and operations. An example of a climate change communication for officials in this sector would include the Water Research Foundation presentation series on water utility climate change impacts and adaptation (Water Research Foundation, 2014 (Maibach, Nisbet and Weathers, 2011) .
